We propose an extended band mixing formalism capable of describing the ground-γ band interaction in a wide range of collective spectra beyond the regions of well deformed nuclei. On this basis we explain the staggering effects observed in the γ bands of Mo, Ru and Pd nuclei providing a consistent interpretation of new experimental data in the neutron rich region. As a result the systematic behavior of the odd-even staggering effect and some general characteristics of the spectrum such as the mutual disposition of the bands, the interaction strength and the band structures is explained as the manifestation of respective changes in collective dynamics of the system.
Introduction
The low lying excited states of even-even nuclei are usually described in a geometrical approach as the levels corresponding to harmonic vibrations, rotations of deformed shapes or unstable shape rotations [1] . These three geometrical models have been associated with the symmetry limits of the Interacting Boson Model (IBM) [2] , in which the low-lying excited states are classified according to the irreducible representations of three chains of subgroups of the group U(6), labelled as U(5), SU(3) and O (6) . These symmetries are considered as the stable limits of collectivity in nuclear structure. However, most of nuclei have a transitional behavior taking place in regions between the above mentioned symmetries. Recently it has been suggested that some additional symmetries as E(5) [3, 4] and X(5) [5, 6] , might take place between U(5) and O (6) and between U(5) and SU(3) respectively, emphasizing the need for extensive study of the ways in which nuclear collective properties deviate from the above "standard" symmetries.
The odd-even staggering effect observed in the γ bands is among the most sensitive phenomena carrying information about the symmetry changes. It is well pronounced in nuclear regions characterized by U(5) and O (6) and relatively weaker in nuclei near the SU(3) region. In the latter case the staggering effect can be reproduced through the γ-β band mixing interaction. In the U(5) and O(6) regions the gsb and γ bands are strongly coupled to each other and the effect can be explained on the basis of the gsb-γ band mixing interaction.
A detailed theoretical study of the ground-γ band coupling mechanism has been implemented in the framework of the Vector Boson Model with SU(3) dynamical symmetry [7, 8] .
It suggests a relevant model interpretation of the ground-γ band mixing interaction and explains the related odd-even staggering effects in terms of the SU(3) multiplets inherent for the underlying algebraic scheme.
In the framework of the collective algebraic models the presence or the lack of the staggering effect as well as its magnitude and form give a specific information for the appearance or absence of particular symmetry characteristics of the spectrum.
From experimental point of view, essential progress in the collective nuclear structure study has been made through the use of a new generation of multidetector γ-ray arrays, such as Eurogam [9] , Euroball [10] and Gammasphere [11] , which provides opportunity to investigate the prompt γ-rays emitted from fission fragments. In the last decade this technique has been applied in a number of experiments on both spontaneous and induced fission. In such a way excited states in neutron-rich nuclei 100−108 Mo [12, 13, 14, 15] , 104−114 Ru [16, 17] and 108−118 Pd [18, 19, 20] have been populated.
The new data provide a rather detailed test for the way of the changes in the symmetries mentioned above. This is illustrated in fig. 1 where the gsb excitation energy ratios R4 = E(4)/E(2) and R6 = E(6)/E(2) are plotted as functions of the neutron number. For example one sees that the addition or subtraction of few neutrons in Mo isotopic chain leads to rapid changes from near U(5) ( 100 Mo) to near SU(3) symmetry ( 106 Mo). Recently it has been suggested that X(5) phase transition between the above symmetries occurs in 104 Mo [21] . These changes are less pronounced in the Ru and Pd isotopic chains. The collectivity in Ru isotopes gradually increases from U(5) towards SU(3) symmetry limit, while in Pd nuclei it develops towards O(6) [22] . In the framework of the shape-phase transition concept the nuclei 104 Ru and 108 Pd are proposed as possible candidates for E(5) critical behavior [23, 24] . The study of the shape evolution of 102−108 Ru in terms of the potential energy surfaces shows an increase in the deformation parameter β with the neutron number [16] . The staggering effect in the γ-bands of these nuclei is explained as the manifestation of γ softness. The evolution of the shape in dependence on the angular momentum was studied in ref. [25] for the nuclei in the region 40 < Z < 50. It suggests a change in collectivity within the yrast line from vibrational to rotational.
Furthermore, the new experimental data provide extended higher spin structure of collective bands, especially in gsb and γ bands, which deserves an adequate interpretation in the general framework of the "changing collectivity" concept. Thus, the systematic analysis of extended data suggests that the states of the ground band and the γ-band interact in a way similar to what is observed in rotational SU(3) nuclei in the framework of the Vector Boson Model (VBM) [7] . This circumstance suggests a possible scenario of a transition between rotational and vibrational collective spectra in which the same ground-γ band coupling mechanism persists while the collective band structure is changed. That is way the ground and γ-band states can be a subject of interest in the examination of the basic changes in nuclear collectivity. We only remark that while in the rotational SU(3) region the term γ-band is well defined in association with a rotation built on a γ-vibrational state, in nuclei towards transitional and vibrational regions this geometrical meaning is not clear anymore.
Based on the above, in the present paper we propose that it will be reasonable to apply an extended model in which the mixing scheme inherent for the SU(3) dynamical symmetry of VBM is modified so as to take into account the changes in the level spacing characteristics. We suggest that it will be capable to reproduce the changes in the band structure between rotational, transitional and vibrational modes. In this framework, our purpose is to implement a detailed analysis and interpretation of the ground-γ band interaction in a wide range of collective nuclei beyond the exact symmetry limits of collectivity.
We consider the nuclear region 40 < Z < 50, providing a model interpretation of the experimental ground and γ-band levels and their interaction together with the respective oddeven staggering phenomena observed there. As it will be shown below, the obtained results reveal the systematic behavior of the inter-band interaction and provide a relevant systematics of the R4 excitation energy ratios in dependence on a specific factor of collectivity.
In sec. 2 we present a formalism for a unique description of the gsb -γ-band interaction. In sec. 3 model descriptions for the energy levels and the corresponding staggering patterns of nuclei in the region 40 < Z < 50 are presented. A detailed analysis of the systematic changes in nuclear collectivity is presented also there. In sec. 4 some algebraic aspects of the interplay between rotation and vibration modes and the possible ways of its involvement in the study are discussed. In sec. 5 concluding remarks are given.
2 Ground-γ -band mixing formalism and odd-even staggering The odd-even staggering effect represents a relative displacement of the even angular momentum levels of the γ-band with respect to the odd levels. It has been explained in the framework of the Vector Boson Model trough the interaction of the even γ-band levels with their counterparts in the gsb [8] .
The basic assumption of the VBM is that the low lying collective states of deformed eveneven nuclei can be reproduced through the use of vector bosons, whose creation operators are O(3) vectors. The angular momentum operator L as well as the quadrupole operator Q are constructed by these vector bosons. The VBM Hamiltonian is constructed as linear combination of three O(3) scalars from the enveloping algebra of SU (3
, where the second and the third terms are third and fourth order effective interactions, reducing the SU(3) symmetry to the rotational group O(3). In the framework of VBM the gsb and γ -bands belong to the same split SU(3) multiplet labelled by the quantum numbers (λ, µ). In this framework the model provides a relevant way to study the interaction between these two bands. In the simplest case of multiplets of the type (λ, 2) the even counterparts of both bands are mixed trough a secular equation of the form
where Vij (i, j = 1, 2) are the matrix elements of the model Hamiltonian in the used SU(3) basis states, known as the basis of Bargmann-Moshinsky [26, 27] . For a given angular momentum there are two solutions (corresponding to the each band) containing terms of the form L(L+1) [8] . This formalism has been applied in rare-earth and actinide regions giving a successful description of the odd-even staggering effect in the γ-bands. However, Pd and Ru nuclei are far from the SU(3) symmetry regions, so that the original VBM formalism cannot be applied directly. Therefore, in order to develop a unique framework for description of the staggering effect on the basis of the gsb-γ -band interaction we have to modify properly the rotational term L(L + 1) with a generalized expression capable to generate an additional linear dependence of the energy levels ∼ L. In such a way the changes of the spectrum from SU(3) to U(5) direction can be taken into account. For this reason we introduce a global parameter of collectivity, which is denoted here as 'n' and provides a modified angular momentum dependence of the energy in the form L(L + n). For n ∼ 1 it gives the level spacing of a good rotor while for large values of n it gives a level spacing close to that of a vibrator as it is demonstrated in fig. 2 . For intermediate n-values this term gives a transitional spectrum. As it will be demonstrated below the most deformed nucleus in Z ∼ 50 region, 106 Mo, is described by L(L + 3), while the nucleus 100 Mo nearest to U(5) limit by L(L + 26).
We suppose that the model Hamiltonian can be modified so that a linear L-dependence be generated by a diagonal term V ′ providing the following form of the secular eq. (1):
where Here the off-diagonal elements remain the same, following the assumption that the same gsb-γ band coupling mechanism is conserved, while the collective band structure is changed.
In this way eq. (2) provides a modified expression for the gsb and γ-band level energies:
(νg = 1 for gsb; νγ = 0 for γ) in which the energy splitting term (the square root) inherent for VBM remains the same. Then the original VBM energy expressions (eqs (14) and (15) of ref. [8] ) can be extended in the following form:
where νg,γ = 0 γ − band 1 ground state band .
In the framework of VBM the quantities A, B, C, a and b are functions of the strengths in the effective interaction in the model Hamiltonian [8] and on the SU(3) quantum numbers (λ, µ). In the present modification the additional term V ′ , generating the energy dependence of the type L(L + n), is not derived in explicit form. The reason is that any particular assumption for its construction at this stage of the study will impose a limitation on the generality of analysis and interpretation of experimental data. Possible ways to determine this term and some algebraic aspects of its physical meaning are discussed in sec. 4. For the same reason we do not impose the relation between the quantities in eq. (5) and the quantum numbers of the group SU(3). Hence, we consider them as model parameters that have to be determined directly on the basis of experimental data.
We have to remark that a global parameter of collectivity similar to "n" has been used in a Sp(4,R) classification scheme with respect to the low-lying ground band states of even-even nuclei [28] . It has been shown that such an approach successfully reproduces the changes in the ground band structure from rotational to vibrational collective regions.
In eq. (5) the even levels of the gsb interact with their γ band counterparts through the square root term. This term together with the term containing the parameters C causes the relative shift between the odd and even states in the γ-band, i.e. it generates an odd-even staggering effect.
As a relevant characteristics of the staggering effect we consider the following three-point formula [29] 
where E(L) denotes the energy of the level with angular momentum L. Obviously, for the simple rigid rotor energy L(L + 1) one has δE = 0. Thus any energy dependence with δE = 0 will correspond to respective deviation from the regular rotor behavior of the system. As it will be seen in the next section, this characteristics carries detailed information for the evolution of collectivity in different nuclear regions.
Numerical results and discussion
In order to reproduce the ground and γ-band energy levels we adjust the model parameters A, B, C, a and b with respect to the corresponding experimental data by using a χ 2 minimization procedure at fixed value of the parameter n. Since n is a discrete quantity, we apply the procedure consequently in a wide range n = 1 − 100. As a result we determine the n-value which provides the smallest root mean square (RMS) deviation
where NB is the number of the levels used in the fitting procedure and ν = g, γ for the gsb and γ-band respectively. We restrict our calculations up to the back-bending region. That is why the two bands are considered up to angular momentum L = 8 . The procedure has been applied to the nuclei 100−108 Mo, 104−112 Ru and for 108−116 Pd. As a result the respective gsb and γ-band energy levels have been reproduced quite accurately. This is demonstrated in tables 1, 2, and 3, where the obtained theoretical descriptions are compared with the experimental data. The resulting model parameters and RMS factors σE are also given there. The σE-values indicate the good quality of model description, considering the relatively large collective energy values in the nuclear region under study. For example the RMS factors generally do not exceed 5-7% of the energy of the corresponding lowest (gsb) 2 + states.
As it is seen from tables 1-3, the parameters values vary smoothly within and between the isotope groups of the considered nuclear region giving additional indication for the model quality. For example the parameter B vary in the limits 130-230 keV for Pd isotopes, 140-260 keV for Ru, and 200-300 keV in Mo-isotopes. Together with the values of the higher order parameters a and b (|a| ∼ 10 −2 , |b| ∼ 10 −4 ), the obtained B-values determine [according to eq. (5)] the mutual disposition of the γ band and the gsb and provide the increase in the band shift from Pd to Mo isotopes, which will be discussed in details below. Further, the values of the parameter A varying in the limits 11-22 keV, together with the product BC (appearing as a correction to A) determine the inertial characteristics of the two bands. The behavior of the parameter of collectivity n is also discussed in details below, so here we just remark that it is a stable model characteristics. As a discrete integer quantity it is determined with an error not larger than one as well as within a well determined "RMS minimum" regions in the range n = 1 − 100.
Since the agreement between the theory and the experiment is good, the analysis and the conclusions for the considered nuclear characteristics made hereafter are valid on the basis of both theoretical and experimental data. So, unless it is specified (by "exp" or "th") any comment on a nuclear quantity will refer equally to the respective experimental and theoretical values.
In fig. 3 we present the theoretical and experimental staggering plots for Mo, Ru and Pd isotopes obtained by applying eq. (7) to the respective theoretical and experimental energy levels of the γ bands. It is seen that the staggering effect in these nuclei is described successfully, with the respective phase and amplitude characteristics of the staggering patterns being reproduced accurately.
The following observations and comments can be made. In 108−112 Pd isotopes the staggering effect is well pronounced, in spite of the small number of data available. amplitudes are generally smaller compared to Pd and Ru nuclei. On the above basis we deduce that for the considered nuclei the increasing neutron number and decreasing number of protons lead to a systematic suppression of the odd-even staggering effect in the γ-bands. In such a way a region of a relatively better formed rotation structure in these bands is outlined. For comparison, in rare-earth and actinide nuclei a gradual decrease of the staggering effect is observed towards the mid-shell regions [8] . It is explained with the respective better pronounced (less perturbed) rotational band structures there. In the framework of VBM this is related with a decrease in the gsb-γ band interaction strength. Here, on the same basis we can interpret the suppressed staggering effect as the result of a decreasing interaction strength between the gsb and γ-band. Now we will consider another important characteristics of the interacting ground and γ bands
which describes their mutual disposition. In terms of VBM, eq. (9) corresponds to the splitting of a SU(3) state with even angular momentum L = 2 into the levels of the gsb and the γ-band, i.e. it characterizes the splitting of the SU(3) multiplet. It has been shown that in well deformed nuclei the larger splitting is associated with the weaker band mixing interaction which is the case observed in the mid-shell regions of rare-earth and actinide nuclei [30] .
Moreover, it has been demonstrated that the extremely large magnitude of the splitting could be related to a situation of completely separated (noninteracting) bands, known from group theoretical point of view as an SU(3) contraction process. Similar analysis can be done for the nuclear region under study. However, now we should have in mind that away from the exact SU(3) region the term ground-γ multiplet has not the same clear group theoretical meaning, so that the term "splitting" should simply refer to the mutual disposition of the bands. So, the splitting ratio ∆E2 carries an information about the systematic changes in the mutual band disposition and respective band-mixing interaction in dependence on the place of the nucleus in a given region. It has been shown [7] that in the rare-earth region this value is within the limits 7 < ∆E2 < 18, while in the actinides it is between 13 < ∆E2 < 25.
The experimental and theoretical values of ∆E2, obtained for nuclei in the region 40 < Z < 50 are given in is about 1.1-1.2. We remark that in the considered nuclear region the relative displacement of the ground and the γ band is essentially smaller compared with the rare-earth and actinide regions, which is naturally a prerequisite for their essentially stronger mutual perturbation. Here ∆E2 overally decreases from Mo to Pd nuclei as an indication for the respective increasing of the band mixing interaction.
In fig. 4 we present the systematic relation between the experimental excitation ratio R Additional results providing better statistics and pointing the applicability of the used model scheme in the neighboring region of Xe and Ba as well as in the well deformed rare earth nuclei Er, Yb, Hf, Os, and Pt are also given there. So, fig. 4 demonstrates the way in which the collective properties of nuclei under study deviate from the SU(3) symmetry. We see that starting from the SU(3) rotational region with values near 3.33, R exp 4 rapidly decreases with the increase of n until reaching the region near R exp 4 = 2.5. After that, in the region n = 8 − 16 we observe an overall saturation towards values typical for the ground state bands with a structure between transitional and vibrational.
In the regions n ∼ 20, n > 20 there is an indication (in 116 Xe and 100 Mo) for further gradual decrease in R exp 4
with the increase of n. However, these two points are not enough to draw a definite conclusion about this region of n. Moreover, the γ band in 100 Mo (see fig. 4 is not unexpected. This is seen from the R (2) obtained from eq. (5) as a function of the parameter n. This is illustrated in fig. 5 , where R th 4 is plotted for the sets of parameters (A, B, C, a and b) of the nuclei 100,103,108 Mo, 110 Ru and 110 Pd. The R th 4 -values fixed for the given nuclei (through the fitting procedure) are indicated on the respective curves. First, we remark that the observed family of curves outlines the way in the R th 4 -n plane in which nuclear collectivity evaluates. The rapid decrease in R4 (starting from about 3.2) near the beginning of the n-axis is obvious. Further we see that in the region n = 5 − 10, the slope of the curves decreases, so that after n = 10 − 15 the R th 4 values decrease slowly. The further behavior of the curves shows that for very large n's the ratio R th 4 saturates towards the vibration value 2.00.
Looking again on fig.4 we see that the overall behavior of the experimental R4 ratios can be interpreted in the same way. However, now we can indicate more specifically that in the region n = 12 − 16 the R exp 4 correlation with n looks a bit perturbed compared to other regions. Also in this region the slope of (overall) decrease in R exp 4 with n is not well pronounced. This observation can be explained as follows. While R4 is a characteristics of the lowest ground state band structure the global parameter n carries additional information about the structure of the ground band and the gsb-γ bands interaction as well. Having this in mind we can conclude that the well pronounced correlation between R4 and n observed in the region of near-SU(3) nuclei may be considered as the result of a smooth evolution of collectivity in the two bands. Although in the case of near-SU(3) nuclei the gsb and γ-band essentially interact, their mutual perturbation is still not strong enough and conserves the individual characteristics of the two bands. As a result R4 remains a good characteristics of collectivity not only for the gsb structure, but also for the entire low-lying spectrum in the given nucleus. In the region n ≥ 10 (see fig. 4 ) the situation is different. According to our band-mixing scheme, there the mutual perturbation of the two bands should be quite strong. Therefore, the information that the gsb characteristics R4 could carry for the γ-band structure will be essentially limited, so it will not characterize anymore the complicated ground -γ band configuration, and the overall collective properties of the given nucleus. For example it could happen that the gsb is characterized by near rotational R4 value with the γ-band carrying some characteristics of a far from rotational structure. On the other side the global parameter n is continuously capable of taking into account the common collective characteristics of the gsb and γ band structures (and their interaction) in the different nuclei.
In the above aspect we remark that the physical meaning of n considerably differs from the gsb systematic characteristic ω used in the Sp(4,R) classification scheme [28] . This is indicated by the larger n-values compared to the respective values of ω reported in [28] . (Compare tables 1-3 of this work with tables 3-4 in [28] ) We note that far from the vibration U(5) nuclei this difference is not too large, for example in 106 Mo one has n = 3 and ω = 2, in 110−112 Ru n = 5 and ω = 3. In nuclei towards the U(5) region the difference is quite large, for example in 104 Ru n = 15 while ω = 7, in 100 Mo n = 26 while ω = 12. This observation clearly shows that the presence of the γ-band (and its interaction) in our collective scheme is of crucial importance for the evolution of collectivity in nuclei beyond rotational regions, especially in the nuclei towards U(5). Now, we find it worth to add one more comment on the region n = 12 − 16 for R . However we should remark that further detailed study in this direction exceeds the current framework of the formalism used and moreover the insufficient data in the region n > 20 do not allow us to draw more detailed conclusion.
In table 4 we give the theoretical and experimental values for the energy ratio
used in [31] as a characteristics of the γ-band collective structure. In the limit of a pure rotational band-structure, it takes the values 2.33 while in the vibration limit, where the states 3 + and 4 + merge into a degenerate vibration state, R3 takes the value 1.00. We see that in the considered region both R = 2.05 while in 100 Mo it drops to 1.30. However, we should remark that the R3 ratio is not generally stable characteristics of collectivity compared to R4, especially in the regions of the strong band-mixing interaction. The reason is that as seen from eq. (10), the R3 ratio involves both even (2 + , 4 + ), and odd (3 + ) states. Hence, it is strongly affected by the odd-even shift, i.e. by the staggering effect. ∼ 2.2) and nuclei near U(5) symmetry the analysis of our results indicate the trend of sharply increasing interaction strength which may also be considered as the hallmark of a completely rearranged structure of collective spectrum.
In fig. 6 the values of the parameter of collectivity "n" obtained for Mo, Ru and Pd nuclei are plotted as functions of the neutron number. It is clearly seen that from Mo to Pd nuclei the respective curves are systematically shifted up, demonstrating the overall move towards the vibrational collective mode. In addition, in any particular group of isotopes we observe a decrease in "n" with the increase of the neutron number N towards the mid-shell regions. This result confirms the physical significance of the quantity "n" as a characteristics of the changing collectivity.
Algebraic aspects of changing rotation/vibration collectivity
The proposed extended VBM application provides a test for the change in nuclear dynamics between a rotation and vibration regime of collectivity by assuming the presence of a "universal" interaction , V ′ , capable of accounting the relative contribution of both modes. Hence the term V ′ plays a crucial role in the obtained systematics of nuclear collective properties, which emphasizes the need for its deeper physical understanding. This could be done by using the formalism of the Orthogonal group O(N ) [37, 38] and its reduction to the rotational group O(3) in the chain
where N1 > N2 > ... > 3. From microscopic point of view the dimension N of the group as well as its subgroups in (11) might be related to the intrinsic configurations which contribute to the coherent/vibrational behavior of the system. (For example these could be configurations based on superfluid nucleon pairs that give rise to vibrational phonon degrees of freedom.) In this framework O(N ) can acquire the meaning of a rotation in the N -dimensional space of intrinsic coordinates responsible for the non adiabatic vibration component of the collective motion. (The dimension of this space should increase towards nuclear vibration regions).
From collective point of view, one can directly consider the interaction V ′ as a manifestation of nuclear boson degrees of freedom. Then the different subgroups appearing in the chain (11) should depend on the particular boson realization and on the underlying collective dynamics of the system. As an important consequence of the assumed bosonic character of the interaction V ′ only the totally symmetric irreducible representations of O(N ) and its subgroups will play a role. Therefore, the basis states for the chain (11) will be characterized by the different single quantum numbers of the different groups/subgroups (let us denote them by ΛN i , with i enumerating the different subgroups) and by the possibly appearing additional quantum numbers accounting for multipolarity problems in the reduction scheme.
In the boson framework the eigenvalues of the second order Casimir operators,ĈN i , for the different groups in (11) will have the following form in the above basis states
with i enumerating the different subgroups. Then we can postulate that the HamiltonianV ′ is a linear combination of these operatorŝ
Further, following the reduction rules for the different quantum numbers in the chain (11) and taking a particular set of excited states (yrast, next to the yrast and so on) forV ′ , the quantum numbers ΛN i can be determined as linear functions of the angular momentum L (which is the quantum number of the lowest group, O(3), in the chain), namely
The explicit form of the coefficients αi and βi depends on the particular set of subgroups in (11) and generally its derivation might be a complicated task. After introducing (14) into (12) , the matrix elements ofV ′ in the considered states appear in the following general form
where A = A(AN i , αi, βi) and B = B(AN i , αi, βi) are determined through the coefficients in (13) and (14) . Eq. (15) provides the same type of angular momentum dependence as the one appearing in our modified VBM energy expression. In this respect our model characteristics of collectivity n can be related to the quantity B appearing in (15) . Here we illustrate the above scheme by considering the simplest case of the group O(5) which is a well known example appearing in the context of the U(5) and O(6) limits of IBM [2, 39] . So, we consider the reduction
where the irreps of O(5) and O(3) are labelled by the quantum numbers τ and (L, M ) respectively. Since O(5) is not fully decomposable to O(3), an additional quantum number ν∆ is introduced. Thus the states associated to the chain (16) are characterized by |τ ν∆LM > with the reduction rule
Then the Hamiltonian (13) readsV
with
By restricting ourselves with the yrast contributions of V ′ we have τ = L/2 which yields
Eq. (21) is in the form of eq. (15) 
Eq. (22) demonstrates in a simple way that for A5 = 0 the quantity B reduces to 1, while for A5 > 0 it increases linearly. From collective point of view the physical contents of the above result could be sought in relation to the 5-dimensional harmonic oscillator which is the natural framework in the study of nuclear quadrupole vibrations. In such a way the increasing contribution of the O(5) term in the interaction V ′ could be directly interpreted as the increasing influence of vibrational degrees of freedom in the collective motion of the system.
As has been mentioned above, the deeper structure interpretation of the nonadiabatic term V ′ might require the involvement of larger-dimensional orthogonal groups and therefore more complicated treatment of the underlying formalism.
The above analysis gives at least an intuitive idea about the ways in which the nonrotational degrees of freedom can be involved in the consideration away from the typical SU(3) rotational region. It suggests a relevant tool in the study of the changing collective properties of nuclei. As a most general approach in this direction it might be valuable to consider a model space containing both O(N) and SU(3) spaces. It could allow a reasonable treatment of the total Hamiltonian wave functions with subsequent model predictions for the electromagnetic transitions. Even now we can outline qualitatively the main characteristics of their behavior. So, as far as V ′ is diagonal with respect to the SU(3) basis states its input will affect mainly the behavior of intraband transitions in gsb and the γ-band, which might be expected to deviate from a rotation-like angular momentum dependence towards vibrational. In this scheme the interband transitions would be only indirectly affected through the band mixing interaction following the assumption that the same gsb-γ band coupling mechanism is conserved with the change of collectivity. Although in the considered nuclear regions there is not yet enough experimental information on these transitions, such a development would be of use in the understanding the mechanism of the changing nuclear collectivity at all.
Conclusion
In the present paper we propose an extended model formalism for description of the low-lying ground and γ-band collective states and their band mixing interactions in a wide range of nuclei starting from the SU(3) rotation regions and reaching nuclei near the almost vibrational region.
On this basis we obtain model description and implement detailed analysis of the ground -γ-band structure in the region of Mo, Ru and Pd isotopes. As a result we reproduce accurately not only the levels up to the back-bending region but also the respective experimentally observed odd-even staggering effect in the gamma bands.
The analysis of the results obtained allows us to draw the following main conclusions. In the considered region 40 <Z< 50 the γ -gsb interaction strength increases away from the SU(3) symmetry with the approaching of the transitional and vibrational collective regions. It conserves the same band coupling mechanism typical for the VBM scheme although in this region the overall structure of the spectrum is changed in consistence with the multiplet characteristics inherent for the O(6) and U(5) collective nuclei. The systematic analysis of the mutual ground γ-band disposition (characterized by the quantity ∆E2) provides detailed quantitative characteristics of the different regions of collectivity in Pd, Ru and Mo isotopes. The respective changes in the structure of the spectrum reflect in the respective fine odd-even staggering patterns observed there.
The implemented theoretical analysis outlines the evolution of collectivity along the considered isotopic chains. The obtained values of the model characteristics n provide information about the way of deviation from the SU(3) symmetry. The increase in n is correlated with the systematic behavior of the gsb ratio of collectivity R4 indicating a rapid decrease in R The algebraic framework of the study allows further development with a detailed treatment of the collective and intrinsic degrees of freedom responsible for changing of nuclear collectivity from rotation to the vibration mode. In this respect the use of the formalism of orthogonal groups seems to be promising. Such an approach could provide a relevant tool for further analysis of available and newly obtained experimental data and their interpretation in terms of the above exact and transition symmetries.
